Introduction
Cellulose is one of the most abundant polymers in the world, and hydrolysis of the b-(1,4)-glycosidic linkages is an important reaction. It leads to dramatic strength loss of cellulosic material, and therefore resistance to hydrolysis is important for cellulosic materials requiring good strength such as construction materials and packaging. The resistance of cellulose to hydrolysis is also important for textiles, composites, and paper since there is great interest in using cellulose fibers from agricultural byproducts for these materials [1e4] . On the other hand, hydrolysis of the glycosidic linkages is important for the conversion of cellulose to glucose that is used in fermentation to produce ethanol and other alcohols, acids, ketones, and many other ''green'' chemicals. However, the percent conversion of cellulose to glucose is very low [5] .
Acid and thermal energy increase hydrolysis of the glycosidic linkage. Substitution of the hydroxyl groups on cellulose also has resulted in greater hydrolysis compared to nonsubstituted cellulose [6e9] . It is therefore important to consider hydrolysis in applications that involve grafting groups onto cellulose such as the production of cellulose acetate, carboxymethyl cellulose, and other cellulose derivatives. Grafting of the reactive dyes C.I. Reactive Blue 19 (Blue 19), C.I. Reactive Black 5, or C.I. Reactive Red 120 onto cellulose in cotton fabric have been found to increase acid hydrolysis of cellulose after it undergoes a commercial laundering process, which includes alkaline suds steps with each followed by a rinse, a weak acidic bath at pH 4.0e4.5, and a pressing step at 154 C. Approaching hydrolysis equilibrium, the DP of the cellulose bonded to Blue 19 was only 31% of the non-substituted cellulose DP. Cellulose with C.I. Direct Red 80 sorbed onto the fiber without substitution has not shown greater hydrolysis than non-substituted cellulose [9] . Cellulose sulfite and cellulose sulfate in wood pulp have been observed to have rates of hydrolysis that are twice that of nonsubstituted cellulose in cotton linters [8] . Increased hydrolysis at pH 1.2 and 80 C has been seen in cellulose with the aldehyde group grafted onto cellulose. After accelerated aging, the DP of the aldehydocellulose was only 5.5% of the non-substituted cellulose DP [7] . The rate constant for hydrolysis of carboxymethyl cellulose in 2.5 M HCl at 60 C has been found to increase from 1 to 9 min À1 along with an increase in the extent of hydrolysis as the degree of substitution increases. Approaching hydrolysis equilibrium, the DP of the carboxymethyl cellulose with the greatest degree of substitution was only 45% of the non-substituted cellulose DP [6] .
It is thought that a substituent on the glucose residual on the reducing end side increases acid hydrolysis of the glycosidic linkage by inducing the transfer of electrons from the first carbon in the glucose residual on the non-reducing end side to the oxygen in the glycosidic linkage [6, 8, 9] . This theory comes from the fact that in the second step of acid hydrolysis of cellulose, an electron is transferred from the first carbon in the glucose residual on the non-reducing end side to the oxygen in the glycosidic linkage [10] . However, this inductive effect decreases with increasing distance from the electron withdrawing group and charged center, and in the case of cellulose, the substituent is three to four sigma bonds away from the nearest glycosidic linkage.
Given the limited literature explaining why a substituent on cellulose increases acid hydrolysis of the glycosidic linkage, this phenomenon is not fully understood. To further our understanding, one objective of this current study was to explain why a substituent increases acid hydrolysis of the b-(1,4)-glycosidic linkage. Another goal was to find if this phenomenon can be studied using molecular modeling because to the best of our knowledge, it has not been used to study this topic.
Experimental

Molecular modeling simulations
The molecular modeling software used for this study was MS Modeling 3.0, available from Accelrys [11] . The methodology used in our earlier study for the hydrolysis of PLA was used to model the hydrolysis of the glycosidic linkages of cellulose [12] . Using the Amorphous Cell module of MS Modeling 3.0, an amorphous unit cell was generated that modeled a unit volume of amorphous cellulose. Because of computing limitations, the amorphous unit cell was created as five cellulose molecules with 20 cellobiose units per molecule at a density of 1.31 g/cm 3 . This amorphous density of cellulose was based on an overall cellulose fiber density of 1.50 g/cm 3 , a crystalline density of 1.58 g/cm 3 , and a crystallinity of 70% [13e15] .
The effect of a substituent on hydrolysis of the b-(1,4)-glycosidic linkage of cellulose was studied for various substituents such as the carboxymethyl (OCH 2 COOH), mono-substituted acetyl (OCOCH 3 ), and tri-substituted acetyl groups. C.I. Reactive Blue 19 (Blue 19), which has an anthraquinone parent structure and bonds to cellulose by an ether linkage, was another substituent selected for this study since experimental data are available for hydrolysis of cellulose bonded to this molecule. Other substituents included various quaternary ammonium compounds based on OCH 2 CHOHCH 2 N(CH 3 ) 2 X, which we refer to as X quat where X is CH 3 , CH 2 OH, C 18 H 37 , CH 2 (OCH 2 CH 2 ) 6 OH, or C 6 H 5 . One substituent molecule was grafted to one cellulose molecule in the structure by an ether linkage at the sixth carbon position of the number 20 glucose residual, which is a non-reducing end side glucose. To model the effect of a non-bonded molecule, C.I. Reactive Blue 19 was placed in the cellulose structure at the same position as the grafted Blue 19 but without a covalent bond with cellulose.
For hydrolysis of each structure, we cleaved the glycosidic linkage between the number 20 and 21 glucose residual of the cellulose molecule containing the substituent to form two cleaved segments of identical DP. These two segments were separated by translation and rotation of the non-reducing end segment such that the distance between their end hydroxyl groups was greater than 10 Å because this was the non-bonded cut-off. The non-bonded cut-off is the distance between any two atoms beyond which their van der Waals interactions are neglected. The non-bonded cut-off was set at 10 Å since this is within half of the unit cell length of 34.51 Å . This cut-off is conventionally used in molecular modeling of macromolecules [16, 17] . To calculate the total electrostatic interactions, the cell multipole method was used, which calculates the electrostatic interactions between groups of atoms that are grouped based on their location in the unit cell. With this method, each atom was regrouped when its position in the cell moved by more than 1 Å .
To minimize the energy of the cellulose structures, molecular dynamics simulations and energy minimizations were run using the Amorphous Cell and Discover modules of MS Modeling 3.0. The polymer consistent force field (PCFF) was the set of parameters used by these modules to calculate the potential energy of the cellulose structures. The PCFF was chosen since it is accurate for modeling polymers, and partial charges were assigned to each atom according to this force field [18e 20]. During each run, the ''check for ring catenations'' option was used in Amorphous Cell so that a bond or a glucose ring would not penetrate the interior of another glucose ring. Beginning with each unhydrolyzed cellulose structure, an energy minimization was first performed using the conjugate gradient method with convergence criteria of 0.1 kcal/mol per Å . A molecular dynamics (MD) simulation was then performed on this structure using a constant volume/constant temperature ensemble at 373 K. This temperature was selected because hydrolysis of Blue 19-substituted cellulose and pure cellulose has been observed after commercial laundering, and Yang and Hughes have stated that the hydrolysis mainly occurred during the pressing step in which the temperature of the cellulose was 373 K [9] . The MD simulation was performed for 500,000 steps with a time step of 10 À15 s and with an equilibration time of 500 Â 10 À12 s. The final snapshot of the MD simulation was selected for the next energy minimization because at this point in the MD simulation, the potential energy oscillated within AE125 kcal/mol. An energy minimization was then performed on this structure using the conjugate gradient method and convergence criteria of 0.1 kcal/mol per Å . After the energy minimization of each unhydrolyzed cellulose structure, the cellulose was cleaved as described above to create the hydrolyzed cellulose structures. After separating the cleaved segments, an energy minimization, MD simulation, and another energy minimization were performed using the same simulation conditions specified for the unhydrolyzed celluloses. For each condition, MD simulations/energy minimizations were performed five times for the unhydrolyzed and hydrolyzed structures of the substituted cellulose and pure cellulose. This many simulations were required to ensure that the conformations of the cellulose structures were energy minimized to the extent that the differences between the energies of the hydrolyzed and unhydrolyzed structures did not change by more than 5% after repeated simulations.
Mechanical agitation of the cellulose fiber was not considered in the molecular modeling because when mechanical agitation results in breakage of fiber, it is mainly due to the polymer chains slipping past each other without breakage of covalent bonds [21] .
Analysis of molecular modeling data
The change in potential energy for hydrolysis was used to evaluate how readily the substituted cellulose and pure cellulose undergo hydrolysis. The change in potential energy for hydrolysis was calculated according to Eq. (1).
In Eq. (1), DU is the change in potential energy for the acid hydrolysis of cellulose. U unhyd is the potential energy of the cellulose structure before hydrolysis, U hyd is its potential energy after hydrolysis, and U w is the potential energy of one water molecule isolated from the system. The potential energy values were obtained from the molecular modeling simulations.
To explain the effect of the size of the substituent on the DU, the total volume that each substituent occupies in the energy minimized cellulose structures was obtained after hydrolysis. This total volume is defined as the van der Waals volume of the substituent plus the surrounding empty volume that cannot be occupied by other molecules in the energy minimized system. To calculate the volume of a substituent, we took the substituent from the hydrolyzed cellulose structure and broke up the substituent into parts such that each part can fit inside a separate rectangular box, which is the smallest box that can contain all the atoms of that part of the substituent. The volumes of the boxes were summed to obtain the volume of the substituent. A rectangular box was the geometry used to measure the volume since it was the only geometry available with the molecular modeling software.
To evaluate how the interactions between each substituent and cellulose affect the hydrolysis of cellulose, their interaction energy was calculated according to Eq. (2).
In Eq. (2), U substituentecellulose is the potential energy of the interaction between the substituent and the five cellulose molecules in the system. U system is the potential energy of the entire system. U system/substituent is the potential energy of the system with the substituent deleted. U system/cellulose is the energy of the system with the five celluloses deleted.
To evaluate how the interactions between the cellulose molecules are affected by each substituent, the energy of the celluloseecellulose interaction was calculated according to Eq. (3).
In Eq. (3), U celluloseecellulose is the potential energy of the interactions between the five cellulose molecules. U Scelluloses is the sum of the potential energies of each cellulose molecule isolated from the system. To evaluate the mobility of the glucose residuals bonded to the substituent after cleavage, the mean square displacement (MSD) of those glucose residuals was obtained by running MD simulations for 100,000 Â 10 À12 s at 100 C.
Validation of molecular modeling
Since experimental data for the hydrolysis of pure cellulose and cellulose bonded to C.I. Reactive Blue 19 were available, these data were used to evaluate if the molecular modeling results were reasonable [9, 22] . The DP of the Blue 19-substituted cellulose and pure cellulose were experimentally obtained after a certain number of commercial laundering cycles for the cellulosic fabric as listed in Table 1 . Since data at the hydrolysis reaction equilibrium were not available, Eq. (4) was used to obtain the DP as hydrolysis approaches equilibrium. This empirical equation was chosen since it has been found to fit data for acid hydrolysis of cellulose consisting of crystalline and amorphous regions [23] . The Blue 19-substituted cellulose data had an R 2 of 0.993, and the pure cellulose data had an R 2 of 0.999. 
In Eq. (4), k À1 is the slope of the best fit of a plot of (DP À DP 0 ) À1 versus t À1 , and (DP eq À DP 0 ) À1 is the intercept. The t is the time, or number of launderings in this case, DP is the DP at time t, DP 0 is the DP at t ¼ 0, and DP eq is the DP when hydrolysis reaches equilibrium.
Values for the KubelkaeMunk function (K/S) were experimentally obtained for Blue 19-substituted cellulose after a certain number of commercial launderings as listed in Table 1 [22] . The K/S is directly proportional to the concentration of dye in a fiber [24] . The K/S of undyed bleached cotton 400 fabric is only 0.0816. Eq. 
Results and discussion
DU for hydrolysis of pure and substituted cellulose
Molecular modeling was used to study the effect of a substituent on hydrolysis of the b-(1,4)-glycosidic linkage of cellulose. In Table 2 , a more negative change in potential energy for hydrolysis (DU ) indicates a greater tendency for hydrolysis, and the DU values for substituted cellulose are negative (À110 to À30 kcal/mol) while that of pure cellulose is positive (25 kcal/mol). The substantial difference in the DU values between substituted cellulose and pure cellulose indicates that all the substituents included in this study greatly increase hydrolysis of the glycosidic linkage.
As the volume of the substituent increases as shown in Fig. 1 from that of mono-substituted acetyl to that of Table 2 Calculated potential energies before (U unhyd ) and after hydrolysis (U hyd ), the change in potential energy for hydrolysis (DU ) for the van der Waals forces (DU vdW ), for the electrostatic forces (DU electrostatic ), and for the celluloseecellulose interactions (DU celluloseecellulose ), and the potential energy of the substituentecellulose interactions before (U substituentecellulose, unhyd ) and after hydrolysis (U substituentecellulose, hyd ) The statistical significance of the DU values is demonstrated by the high R 2 for the regression of the DU values versus the substituent volume. In addition, the molecular dynamics simulations and energy minimizations for the calculation of the U unhyd and U hyd values for the non-substituted cellulose and Blue 19-substituted cellulose were replicated. The U unhyd and U hyd values for Blue 19-substituted cellulose were 415 and 339 kcal/mol, respectively, and those for the non-substituted cellulose were 494 and 518 kcal/mol, respectively, which is a difference between replications within 0.40%. The DU values for these replications are À76 kcal/ mol for Blue 19-substituted cellulose and 24 kcal/mol for non-substituted cellulose, which gives a difference in DU between replications within 4%.
Cause of increased hydrolysis
Substituted cellulose is more susceptible to acid hydrolysis of the glycosidic linkages because the substituent helps stabilize cellulose after hydrolysis as indicated in Table 2 by the 15e44% lower potential energy (U hyd ) of substituted cellulose relative to that of pure cellulose after hydrolysis. In addition, the change in potential energy of the celluloseecellulose interactions in the system (DU celluloseecellulose ) is 44e125% more negative for the substituted celluloses than for the pure cellulose as indicated in Table 2 . The substituents therefore allow for stronger celluloseecellulose interactions after hydrolysis than are possible in pure cellulose. The celluloseecellulose interactions include van der Waals forces, hydrogen bonding, dispersion forces, and other forces. For the substituted celluloses, the change in the van der Waals interaction energy after hydrolysis (DU vdW ) is 103e221% more negative for the substituted celluloses than for pure cellulose as indicated in Table 2 . The changes in the electrostatic interaction energy after hydrolysis (DU electrostatic ) are nearly identical for the substituted celluloses and pure cellulose. After hydrolysis, the substituted celluloses are found to have 1.3e4.4% more hydrogen bonds compared to pure cellulose based on a maximum hydrogen bond length of 3.0 Å . Dispersion forces are thus the main type of interactions that account for the difference in potential energy between the substituted celluloses and pure cellulose after hydrolysis. Since after hydrolysis, substituted cellulose is more stable compared to pure cellulose and before hydrolysis they have similar stability, the hydrolysis reaction occurs more readily for substituted cellulose.
The reason a substituent helps stabilize cellulose after hydrolysis is due to its ability to serve as an anchor to the end of the cellulose chain to which it is grafted. As shown in Fig. 2 , the DU becomes more negative as the mean square displacement (MSD) of the glucose residual bonded to the substituent decreases, and a regression of the DU versus the MSD has an R 2 of 0.87. This indicates that the substituent reduces the mobility of the glucose residuals near the end of the cellulose chain to which it is grafted, and the term we give for this phenomenon is an anchor effect. The lower mobility of the cleaved substituted cellulose chain therefore allows it to have stronger celluloseecellulose interactions than are possible in cleaved pure cellulose, especially at 100 C. A larger substituent serves as a stronger anchor to the cleaved cellulose chain as evidenced by DU becoming more negative as the volume of the substituent increases as shown in Fig. 1 and as the MSD of the glucose residual at the end of the cellulose chain decreases as indicated in Fig. 2 . Larger substituents therefore increase the ability of the substituent to stabilize cellulose after cleavage, which causes hydrolysis to occur to a greater extent.
Although the potential energies of substituted cellulose and pure cellulose differ 18e79% after hydrolysis, they only differ by 5.1e24% before hydrolysis as shown in Table 2 . Substituted cellulose and pure cellulose are more similar in potential energy before hydrolysis because the substituent does not reduce the mobility of the cellulose chain to which it is grafted as much before hydrolysis as it does after hydrolysis since the substituent is positioned far from the end of the cellulose chain before cleavage. In addition, before hydrolysis, the substituted celluloses and pure cellulose have about the same number of hydrogen bonds within 0.2e0.9%, which also explains their similar potential energies. Another reason for the similar potential energy values is that the substituent disrupts some of the celluloseecellulose interactions in the system, which increases the potential energy of the system, but the substituent also forms strong interactions with cellulose, which decrease the potential energy. A larger substituent interrupts more celluloseecellulose interactions and forms more substituentecellulose interactions as indicated in Table 2 by the increasingly negative values for the potential energy of the substituente cellulose interactions (U substituentecellulose ) with increasing size of the substituent from mono-substituted acetyl to C 18 H 37 quat. This observation explains why a larger substituent has a greater ability compared to smaller substituents to reduce the mobility of the cleaved cellulose chain to which it is bonded and to stabilize cellulose after hydrolysis.
When another molecule is sorbed onto cellulose without being covalently bonded to the polymer, it does not increase hydrolysis of the glycosidic linkages. In the case of Blue 19, non-bonded Blue 19 gives a DU value of 24 kcal/mol, which is nearly the same as that of pure cellulose (25 kcal/mol) as shown in Table 2 . In addition, non-bonded Blue 19 and pure cellulose have about the same MSD (8.3 Å 2 ) of the glucose residual at the end of the chain, which indicates that their cleaved cellulose chains have nearly the same mobility. The non-bonded molecule therefore does not increase hydrolysis of the glycosidic linkage because the lack of a covalent bond with cellulose means it cannot reduce the mobility of the cleaved cellulose and therefore does not help stabilize cellulose after cleavage. After hydrolysis, a non-bonded molecule is not necessarily sorbed to a glucose residual at the end of a cellulose chain but is instead sorbed to a different cellulose chain before and after hydrolysis.
Experimental agreement
Our molecular modeling finding that a substituent on cellulose gives a more negative DU than pure cellulose by 55e 135 kcal/mol and therefore substantially increases hydrolysis of the glycosidic linkage is supported by experimental data. As hydrolysis approaches equilibrium, the DP of Blue 19-substituted cellulose has been found to be only 31% of the non-substituted cellulose DP, and carboxymethyl cellulose has been reported to have a DP that is only 45% of the DP for non-substituted cellulose [6, 9] . In addition, the fact that Blue 19-substituted cellulose has a lower DP than that of carboxymethyl cellulose as hydrolysis approaches equilibrium supports our finding that Blue 19-substituted cellulose has a more negative DU of À76 kcal/mol compared to the À37 kcal/mol for carboxymethyl cellulose. Our finding that a substituent on cellulose increases hydrolysis is further supported by studies showing that the sulfite, sulfate, and aldehydo groups also make cellulose more readily hydrolyzed when they are substituted on the polymer [7, 8] . The fact that non-bonded Blue 19 gives about the same DU as pure cellulose and therefore does not increase hydrolysis is supported by an experiment showing that cellulose with C.I. Direct Red 80 sorbed onto the fiber without being substituted on the cellulose shows about the same extent of hydrolysis of the glycosidic linkages as does non-substituted cellulose [9] .
Based on the large difference in DU values between the substituted celluloses and pure cellulose, hydrolysis of cellulose predominantly occurs at the glucose residuals bonded to a substituent. This indicates that increasing the degree of substitution results in a greater extent of hydrolysis. Supporting this finding, a past study has reported that increasing the degree of substitution of the carboxymethyl group on cellulose from 0.075 to 0.095 mole/base mole results in a 38% lower cellulose DP as hydrolysis approaches equilibrium [6] . The fact that hydrolysis mainly occurs at the glucose residuals bonded to a substituent also indicates that hydrolysis of the glycosidic linkages approaches equilibrium when no substituent remains on the cellulose fiber.
To find if hydrolysis actually does reach equilibrium when no substituent remains on the cellulose fiber, data were analyzed on the hydrolysis of cellulose grafted to Blue 19 [9] . Eq. 4 was used with the DP and commercial laundering cycle data in Table 1 to obtain the DP as hydrolysis approaches equilibrium (DP eq ), and the regression equations shown in Fig. 3 were (DP À DP 0 ) À1 ¼ À17.5 Â 10 À3 (laundering cycles) À1 À 0.7 Â 10 À3 for Blue 19-substituted cellulose and (DP À DP 0 ) À1 ¼ À15.9 Â 10
À3
(laundering cycles) -1 À 1.5 Â 10 À3 for pure cellulose. Based on these regressions, Blue 19-substituted cellulose had a DP of 371 at equilibrium while non-substituted cellulose had a DP of 1210. Data for the DP of cellulose bonded to Blue 19 versus the K/S values listed in Table 1 were extrapolated to a K/S of zero. Based on Eq. (5) and the regression equation DP ¼ 214 (K/S) þ 330, the DP of Blue 19-substituted cellulose was 348 when the concentration of Blue 19 in the cellulose fiber was zero as shown in Fig. 4 . The DP based on extrapolation to a Blue 19 concentration of zero (348) approximately agrees with the DP based on extrapolation to longer hydrolysis times (371). The experimental data therefore support the finding from molecular modeling that hydrolysis predominantly occurs at the glucose residuals bonded to the substituent and that hydrolysis reaches equilibrium when no substituent remains on the cellulose fiber. The large difference between substituted cellulose and pure cellulose with respect to DU values is thus supported by experiment.
Conclusion
Molecular modeling has been used to explain how the grafting of various groups onto cellulose increases acid hydrolysis of the b-(1,4)-glycosidic linkages. The substituents included in this study are ester and ether groups of various sizes such as acetyl, carboxymethyl, Blue 19, and various quaternary ammonium compounds. Our molecular modeling indicates that the grafting of these groups onto cellulose increases hydrolysis of the glycosidic linkages by helping to stabilize cellulose after hydrolysis, and larger substituents increase hydrolysis to a greater extent. After hydrolysis of substituted cellulose, the substituent is positioned at the end of the cleaved cellulose chain to which it is bonded. The substituent serves as an anchor to the cleaved cellulose chain by reducing the mobility of the cleaved cellulose, which allows it to have stronger celluloseecellulose interactions compared to cleaved pure cellulose, especially at 100 C. The substituent serves as an anchor to the cleaved cellulose chain to which it is bonded because it forms strong interactions with the cellulose chains. As the size of the substituent increases, the celluloseesubstituent interactions become stronger, which increases the ability of the substituent to reduce the mobility of the cleaved cellulose. As a result, the ability of the substituent to stabilize cellulose after hydrolysis increases with the size of the substituent. Substituted cellulose and pure cellulose are more similar in potential energy before hydrolysis because the substituent interrupts some of the celluloseecellulose interactions in the system and also forms strong interactions with cellulose. The molecule must be substituted on cellulose to increase hydrolysis because in the case of Blue 19 sorbed onto cellulose without being covalently bonded to the polymer, Blue 19 does not reduce the mobility of the cleaved cellulose, and it thus does not allow for stronger celluloseecellulose interactions compared to pure cellulose. Since the cause for increased hydrolysis of the glycosidic linkages is the substituent helping to stabilize cellulose after hydrolysis, perhaps all types of substituents on cellulose increase hydrolysis of the glycosidic linkage. Van der Waals forces are the main type of intermolecular interaction that contributes to the greater stability of substituted cellulose compared to pure cellulose after hydrolysis.
Supporting our finding that the grafting of various groups onto cellulose substantially increases hydrolysis of the glycosidic linkages, experiments have shown that as hydrolysis approaches equilibrium, the DP of carboxymethyl cellulose and cellulose bonded to Blue 19 are only 45% and 31%, respectively, of the DP for non-substituted cellulose. In addition, the lower DP of the Blue 19-substituted cellulose compared to carboxymethyl cellulose as hydrolysis approaches equilibrium supports our finding that Blue 19 gives a more negative DU than the carboxymethyl group. Based on the large difference between substituted cellulose (À110 to À30 kcal/mol) and pure cellulose (25 kcal/mol) with respect to the change in potential energy for hydrolysis (DU ), hydrolysis of the glycosidic linkages mainly occurs at the glucose residuals bonded to the substituent. This indicates that the extent of hydrolysis increases with increasing degree of substitution. Experiments have confirmed this finding as increasing the degree of substitution of the carboxymethyl group on cellulose has led to a lower cellulose DP after hydrolysis. Our finding that hydrolysis mainly occurs at the glucose residuals bonded to the substituent is also supported by experiments showing that hydrolysis of cellulose approaches equilibrium when no substituent remains on the cellulose fiber. The supporting experiments therefore prove that molecular modeling can be used to study this phenomenon.
